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Advances in additive manufacturing technologies facilitate the fabrication of cellular materials that have tailored functional
characteristics. The application of solid freeform fabrication techniques is especially exploited in designing scaﬀolds for tissue
engineering. In this review, ﬁrstly, a classiﬁcation of cellular materials from a geometric point of view is proposed; then, the
main approaches on geometric modeling of cellular materials are discussed. Finally, an investigation on porous scaﬀolds
fabricated by additive manufacturing technologies is pointed out. Perspectives in geometric modeling of scaﬀolds for tissue
engineering are also proposed.
1. Introduction
Since the introduction of rapid prototyping (RP) in the
late 1980s [1], additive manufacturing (AM) received an
increasing interest from the scientiﬁc research community.
According to ISO/ASTM standards [2], AM is deﬁned as
“a process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to sub-
tractive manufacturing methodologies.” AM processes are
categorized into seven groups: binder jetting, directed
energy deposition, material extrusion, material jetting,
powder bed fusion, sheet lamination, and vat photopoly-
merization. The fundamentals of these processes can be
found in the literature [3]. Thanks to this layer
manufacturing approach, it is possible to fabricate geomet-
rically complex parts which could not be realized at all
with a conventional manufacturing process. Moreover,
Holmström et al. [4] highlight other beneﬁts of AM if
compared to conventional ones:
(i) No tooling needed, reducing production ramp-up
time and cost
(ii) Small production batches which are feasible and
economical
(iii) Possibility to quickly change design
(iv) Possibility to optimize products for function
(v) Possibility to reduce waste
(vi) Potential for simpler supply chains, shorter lead
times, and lower inventories
(vii) Design customization
In this context, Rosen [5] drew attention to the need of
introducing the new concept of design for additive
manufacturing (DFAM) deﬁned as the “synthesis of shapes,
sizes, geometric mesostructures, and material compositions
and microstructures to best utilize manufacturing process
capabilities to achieve desired performance and other
life-cycle objectives”. In this framework, the Process-
Structure–Property-Behavior model was adopted where
each item represents an object data ﬁeld with its own proper-
ties and features; the traversal from behavior to process can
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be called design, while the reverse direction can be called
analysis. Another DFAM methodology [6] is organized into
three main steps; the ﬁrst step consists of determining the
functional surface position of the studied design problem
into the manufacturing machine to determine the design area
and it is essential in order to have a trade-oﬀ between quality
and cost. The second step deals with functional optimization,
and a numerical optimization approach is used, namely,
topological optimization. The third step is needed to deter-
mine the optimized manufacturing paths as a function of
the manufacturing process characteristics. Moreover, Boyard
et al. [7] proposed a DFAM at a product level, taking into
consideration the assembly relationship between parts in a
complex product with consideration of both functionality
and manufacturing, instead of limiting the design at a single
part level. This is done by generating a graph of functions
coming from functional speciﬁcations, where every product
part is represented by a set; the graph organization allows
to perform the architectural design phase (DFA) simulta-
neously with the detailed design phase (DFM). An extensive
review on DFAM proposes an overview of classical design
for manufacturing and assembly (DfMA) and examines
the suitability of that deﬁnition and framework for AM
applications [8].
In this scenario, AM allows to fully exploit cellular
solids. These materials found several applications in bio-
medical ﬁelds, especially in the scaﬀold design for tissue
engineering based on additive manufacturing technologies.
However, literature highlights limits and constraints asso-
ciated with CAD tools, discretization, directionality, appro-
priate building orientation, need for support, material
properties, process characteristics, metrology, quality con-
trol, maintenance, and regulatory [8].
In this work, a novel cellular material classiﬁcation is
proposed and then a review on geometric modeling tech-
niques is presented. Finally, applications in a scaﬀold design
for tissue engineering in the biomedical ﬁeld are stated
highlighting speciﬁc geometric modeling methods proposed
in the literature.
2. Cellular Materials
According to the deﬁnition proposed by Gibson and Ashby, a
cellular solid is a material “made up of an interconnected
network of solid struts or plates which form the edges and
faces of cells”; random structures such as sponges and cork
are included too [9]. Due to the appearance of the obtained
material, cellular solids are usually referred to as lattice
structures. The typical dimension of a unit cell is between
0.1 and 10mm, that is, at a mesoscale level; larger features
than mesoscale are counted as macroscale, while smaller ones
are counted as microscale [10].
Adopting additive manufacturing technologies, the single
cell can be designed at will, so the material is placed only
where it is needed for a speciﬁc application. Consequently,
a lattice structure has many superior properties: it is light-
weight in relation to its high speciﬁc stiﬀness and strength;
it is a good heat exchanger due to its large surface area and
a good energy absorber due to its ability to undergo large
deformation at a relatively low stress level and ensure
acoustic insulation due to its large number of internal pores.
Recently, Amin Yavari et al. [11] proposed to use the
term “metamaterials” when dealing with microscale unit
cells; according to them, a metamaterial can be considered
a structure as far as its small-scale features and properties
are concerned, and at the same time, it behaves like a homo-
geneous material when macroscopic properties are analyzed.
This deﬁnition slightly diﬀers compared to the one given by
Kshetrimayum, where metamaterials are artiﬁcial materials
with unusual electromagnetic properties that are not found
in naturally occurring materials [12].
2.1. Cellular Material Taxonomy. In literature, several classi-
ﬁcations can be found. Tang et al.’s subdivision [13] is based
on unit cell organization and geometry. Disordered cellular
structures, where lattice units are of diﬀerent sizes and shapes
and are randomly distributed, are distinguished from
periodic and pseudoperiodic ones; the former are a simple
repetition in space of a single object (the unit cell), and the
latter can have the shape changed in space according to
speciﬁc design purposes. In a successive work [10], they
present three diﬀerent classiﬁcation methods. The ﬁrst one
is the same as the previous work. The second deals with geo-
metric conﬁguration of each cellular unit and considers foam
structures, 2D lattice structures (honeycomb), and 3D lattice
structures. The third deals with the deformation criteria and
distinguishes between bending-dominated and stretching-
dominated cellular structures. A stretch-dominated architec-
ture has a higher modulus and yield strength compared to a
bending-dominated architecture with the same relative
density; for these reasons, the former is suitable for a light-
weight structure design, while the latter is suitable for energy
absorption applications [14].
The remaining part of this section will introduce and
exhaustively describe an original classiﬁcation scheme based
on the geometry of cellular materials with regard to the distri-
bution of the cells in the whole structure, the cell topology
and geometry, and the cell element dimensions (Figure 1).
At a structure shape level, cellular materials can be
divided into regular, pseudorandom, and random structures
(Figures 2 and 3). Regular cellular materials consist in a
simple repetition of the unit cell in the entire design volume.
Pseudorandom structures are obtained maintaining the
topology and varying both size and geometry. These cellular
materials can be further divided into warped and conformal
structures.Warped structures are realized deforming the unit
cell, keeping the original topology; there are several defor-
mation pattern possibilities, for example, according to
FEA (e.g., structural, ﬂuid dynamics, or thermal), position
with respect to a reference frame, and other functional
requirements. In conformal structures, the geometry and
size of each cell are diﬀerent in order to adapt (i.e., conform)
to the external shape of the model. For instance, in
Figure 2(b), the regular lattice is ﬁtted to the thick line. Com-
pared to regular cellular materials, conformal ones never
present interrupted or incomplete cells; this feature elimi-
nates weakness at boundaries and provides stiﬀness and
resistance to the entire model [15].
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Random cellular materials concern another branch of the
shape of the cellular materials; these structures present a
random organization of cells, and the geometry and
dimension of cells vary randomly too. In nature, several types
of random structures can be found, for example, cork
(material), sponge (aquatic animal), and trabecular or
cancellous bones [16]. Foam structures are obtained using
traditional fabrication methods such as gas injection into a
metal melt, vapor deposition, or spray foaming [17]; the
shape and size of the pores can be partially controlled by
changing the parameters of these processes. Foam structures
can also be obtained by additive manufacturing technologies
using mathematical functions [18] or Boolean operations
[19] that allow a full control of the pores. Furthermore,
random cellular materials can be modeled adopting a
Voronoi diagram, randomly positioning a set of points
(seeds) inside the design volume, partitioning the space in
regions based on the distance among points and then
assigning a thickness to the edges of the regions [20, 21].
An example of a 2D Voronoi diagram is shown in Figure 3,
where every cell is the subset in the plane containing the
points that are closer to a speciﬁc seed than to any other.
Regardless of the structure shape, cellular materials can
be classiﬁed according to the cell topology. An open cellular
material presents only cells having an open porous structure
which means that the pores are accessible by a ﬂuid.
Conversely, if the pores are inaccessible, the element is called
closed cellular material; when compared to an open one, this
structure oﬀers more stiﬀness but, at the same time, hinders
ﬂuid exchange and prevents the emptying of the material in
(a) (b) (c)
Figure 2: Exempliﬁcation of a (a) regular, (b) conformal (the structure is bended on the thick curve), and (c) warped cellular materials.
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Figure 1: Cellular material classiﬁcation.
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the additive manufacturing process. If a model presents parts
with open cells and parts with closed cells, it can be referred
as hybrid cell topology cellular material. Open cellular
materials are preferred in biomedical applications, such as
tissue engineering, where the connection between cells are
needed to allow ﬂuid exchange and tissue regrowth, while
closed cellular materials are used for structural purposes.
Moreover, cellular materials can diﬀer in the geometry of
the unit cell. Simple cubic (SC) [22] (Figure 4(a)), body-
centered cubic (BCC) [22] (Figure 4(b)), and reinforced
body-centered cubic (RBCC) [22] (Figure 4(c)) all come from
the same cubic cell, with an increasing number of beams. The
octet-truss (OT) cell [23] (Figure 4(d)) comes from the
face-centered cell, and its properties are deeply analyzed
in [24]; in particular, it is highlighted how the stiﬀness
and strength of an octet-truss lattice material exceed the
corresponding values for metallic foams by a factor between
3 and 10. Other frequently used cells are the modiﬁed
Gibson-Ashby (GA) [25] (Figure 4(e)) and the modiﬁed
Wallach-Gibson (WG) cells [26] (Figure 4(f)). Another class
of shapes is represented by triply periodic minimal surfaces
(TPMS), which are periodic surfaces with cubic symmetry
and with zero mean curvature that minimize the surface
area for given boundary conditions [27] and found appli-
cation in additive manufacturing [28–30]; Schoen’s gyroid
(Figure 5(a)), Schwarz P surface (Figure 5(b)) and D sur-
face, and Neovius C(P) surface are TPMS examples [31].
Finally, focusing on the dimension (i.e., the thickness
of a TPMS or beam diameter of a lattice structure) of
the cell elements, another sorting is presented. If all the
elements of the cell have the same thickness, it can be
called homogeneous cell; otherwise, if the thickness of
struts is diﬀerent, the cell can be called heterogeneous. If
the thickness of the cell elements varies gradually according
to a pattern, it can be referred as gradient cell cellular
material. Figure 6 shows a 3D-printed gradient cell gyroid
model with variable thickness.
2.2. Cellular Material Geometric Modeling Approaches.
Diﬀerent methodologies for modeling solid geometries have
been proposed in the literature (e.g., [32]) which can be
classiﬁed into two main groups: boundary representation
(BRep) describing the surface between a solid and the sur-
rounding environment and volume representation (VRep)
describing the whole solid point by point (Figure 7).
BRep approaches can be divided into two families:
discrete, in which the surface is described by polygon mesh,
and continuous, in which the surface is described by a math-
ematical function. Meshes are often used in visualization,
rendering, reverse engineering, sculpturing, and additive
manufacturing, exchanging data by .stl or .ply ﬁle format.
On the other hand, the last 60 years saw the evolution of
the mathematical deﬁnitions of surfaces, which are the
foundations of the computer-aided geometric modeling such
(a) (b)
Figure 3: Random cellular material in 2D: (a) seed and (b) region partitioning.
(a) (b) (c) (d) (e) (f)
Figure 4: Cell types: (a) SC [22], (b) BCC [22], (c) RBCC [22], (d) OT [23], (e) GA [25], and (f) WG [26].
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as Bernstein polynomials [33], Bézier surface [34–36],
B-spline, NURBS [37], and subdivision algorithms [38, 39].
These approaches are mainly devoted to freeform surface
modeling in a number of applications: automotive, ship-
building, aerospace, hull, industrial design, and so on.
The constructive solid geometry (CSG) scheme deﬁnes
complex solids as Boolean operators (union, intersection,
and subtraction) of elementary geometry and has found
its main application in mechanical geometric modeling
[32]. A solid can be described also point by point, adopting
function-based approaches such as parametric solid or tri-
variate NURBS, used in ﬁnite element analysis to reduce
the preprocessing time [40] or in warping of virtual models.
As in surface description, discrete methods can be found in
(a) (b)
Figure 5: Two types of triply periodic minimal surfaces: (a) Schoen’s gyroid and (b) Schwarz’s primitive.
(a) (b)
Figure 6: Oblique section of a variable thickness gyroid: (a) virtual and (b) physical model manufactured by additive manufacturing
technology (ZPrinter 450 by 3D System).
Modeling methods
VRepBRep
Mesh Function based
(splines, NURBS, etc.)
Hybrid CSG Function based
(trivariate NURBS, TPMS, etc.)
Voxels
Figure 7: Cellular material modeling methods.
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solid representation. As an example, the reconstruction of 3D
medical images derived from computed tomography or
magnetic resonance imaging is based on voxel (volumetric
picture element). The evolution of this approach is the more
sophisticated octrees, based on the recursive subdivision of a
cubic element [32].
Due to the huge number of elements, the shape complex-
ity, and the multiscale characteristics, these methods need
adaptations to be suitable for cellular material geometric
modeling. Moreover, although the interest for additive
manufacturing has enormously increased in the last years,
the capability of commercial CAD software in modeling
objects constituted by cellular structures is still limited [8].
Using ACIS [41] as the geometric modeling kernel, Wang
et al. [42] developed a hybrid geometric modeling method for
conformal cellular structures. Instead of modeling the entire
structure using BReps and then converting it to STL, this
method creates a STL model of each singular structure and
then it joins all the STL models together in order to obtain
the whole structure. This allows to reduce computational
time. Then, they added a sphere to each node to smooth
the geometry and to avoid nonmanifold geometry. Starting
from Wang et al.’s results, Chen [43] developed a universal
structure generating system. The structure conﬁguration is
deﬁned in an XML ﬁle, in which the type and all the data of
nodes and struts are contained; the XML ﬁle is then inputted
to a mesh-based structure generating system. A ﬁlleting
operation is performed too, where the ﬁllet is modeled by a
combination of two oﬀsetting operations [44], using the
Minkowski sum and diﬀerence of two sets [45]. The work is
further improved [46], where a space warp is introduced to
satisfy design requirements such as having structures with
smaller and thicker cells where needed. After the structure
is created using the XML ﬁle, the space is warped by mini-
mizing an energy function. The possibility of generating
internal cellular structures into a generic design space is
introduced too.
Savio et al. proposed a modeling and optimization
method to design regular cellular structures in [47], where
an optimized model is obtained in order to reach the
desired utilization for each element. The optimized geomet-
rical model is then modeled using a cylinder with spherical
caps, also known as spherinder [48], around each line of
the wire model (BReps). Diﬀerent cell types are analyzed,
and for the single cubic one, a new procedure is proposed
[49] which avoids NURBS modeling, using a mesh model
successively smoothed by the Catmull-Clark subdivision
method [38], reducing the stress concentration and increas-
ing the fatigue life. Other subdivision schemes and a general-
ization of the mesh method to other types of cell are going to
be presented, overcoming critical issues on complex models
highlighted in literature, such as scalability, robustness,
and automation.
Another mesh modeling algorithm is proposed by
Medeiros e Sá et al. in [50]. They started from a cell complex
inside the volume of the model and then computed the cell
complex dual to produce a 3D-printable mesh; the dual of a
cell complex is obtained by connecting the central point of
two adjacent cells as shown in Figure 8.
As stated in the previous section, cellular materials can be
obtained starting from Voronoi diagrams. Extending the 2D
Voronoi diagram concept to 3D, a random lattice can be
obtained scaling the Voronoi regions, connecting the adja-
cent edges and applying Catmull-Clark subdivision [38] as
shown in Figure 9 [51–53]. Kou and Tan [54] used the
Voronoi diagram and exploited the vertices of the polygons
as control points of closed B-spline curves; they also modeled
functionally graded structures both scaling B-spline curves
gradually as a function of the position and generating
Voronoi seeds according to a PDF (probability density func-
tion). Chow et al. [55] organized Voronoi seeds in concentric
rings, and each seed can be a solid or a void point, generating
respectively solid regions or void regions; from the 2D
structure, a 3D one is obtained expanding the time dimen-
sion of the dynamic pattern in the third dimension of the
2D plane. Fantini et al. [53] used the CAD 3D software
Rhinoceros with its plug-in Grasshopper to design scaﬀolds
for bone tissue engineering starting from the patient bone
geometry and obtaining a porous structure; their work also
aimed to correlate the input parameters, including the num-
ber of seeds, with the target ones that are the percentage
porosity of the structure and the pore size. This generative
design process was further proven by fabricating a sample
of Ti6Al4V and morphologically analyzing it by a SEM and
a high-resolution micro-CT [56].
Moving on the VRep (volume representation), it is
possible to model lattice foam structures taking advantage
of CSG (constructive solid geometry [57]). Zeinalabedini
et al. [19] obtained a foam by subtracting an ensemble of
overlapping elementary spheres from a bulk volume. In a
similar way, Gagliardi et al. [58] exploited the Boolean
subtraction for the geometric modeling and ﬁnite element
analyses of a foam structure. Ceruti et al. [59] presented
LWSM (lightweight structure modelling), a CAD tool that
uses Boolean operations for the modelling of lightweight
and lattice structures.
A limit of commercial CAD software is their approach to
model microstructures using surface modeling with opera-
tions based on BRep. According to Pasko et al. [60], this
approach presents both quantitative and qualitative prob-
lems. Tasks such as blends, Boolean operations, rendering,
and visualization require signiﬁcant computational resources
and large amount of physical memory; Boolean operation
failures due to element overlapping issues are likely to
happen. Moreover, many techniques for modeling solids
are limited because they do not represent the interior of
the solid [32]. Assuming the internal homogeneity of the
model, they cannot represent internal properties and con-
sequently they are not adequate for modeling functionally
graded materials [61]. To overcome these limits, the scien-
tiﬁc community has presented diﬀerent solutions since the
early 2000s.
A possibility to represent internal properties point by
point can be reached deﬁning trivariate functions, and the
structure exists only for points that return positive or zero
function values, where a zero value indicates the boundary.
Pasko et al. [60] used this approach in their work in order
to model both regular and irregular microstructures applying
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particular classes of FRep (function representation) opera-
tions deﬁned by R-functions [62] to periodic functions; they
stated that FRep parametrization provides more precise and
coherent models if compared to BRep representation.
Moreover, voxel-based methods have been proposed. A voxel
(volumetric element) can be compared to the 2D pixel idea,
in 3D space; it is indeed the smallest entity that can be
addressed in a discretized space. Similarly, to trivariate func-
tions, voxel-based methods can describe element attributes
inside the whole volume. Aremu et al. [63] modeled trimmed
and functionally graded lattice structures with and without
skin. They ﬁrst design the model and the cellular structure
with voxels, and then they obtain the trimmed lattice
structure thanks to a Boolean intersection between the two
domains (Figure 10); functional grading is possible by con-
trolling the thickness of the structures utilizing a greyscale
image. A method that generates a net skin via orthographic
voxel projection is proposed too.
The possibility of using voxels to design graded cellular
structures is also presented in [64], where an error diﬀusion
dithering method converts a continuous tone image into a
binary representation; in particular, the functional grading
image comes from a FEA or a density-based topology optimi-
zation. Holdstein et al. [65] adopted a voxel-based approach
Figure 9: Random cellular structure based on 3D Voronoi
tessellation and Catmull-Clark subdivision.
(a) (b)
(c) (d)
Figure 8: Cell complex dual: (a) regular seed, (b) primal cell complex (Voronoi), (c) dual cell complex (Delaunay), and (d) primal and dual
cell complexes together.
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to design scaﬀolds for cavities in bone microstructure and
hole in-ﬁlling.
Due to easy implementation, low requirement of com-
putational resources and physical memory, and robustness
and easy way to obtain ﬁllets and available adequate data
exchange formats, mesh-based approaches are probably
the best solution for describing a cellular material having
homogenous characteristics. Volumetric representations,
especially voxel methods, seem to be the only approach
for modeling functionally graded cellular materials. In this
scenario, commercial CAD software is very limited and only
few implementation is available. For instance, Figure 11
shows 3D printed-multimaterial models, designed in the
voxel modeling software Monolith [66], highlighting the
principal stress lines.
3. Additive Manufacturing in Scaffold
Design for Tissue Engineering
In the last decade, additive manufacturing has gained
increasing attention in the biomedical ﬁeld. According to
Lantada and Morgado [68], solutions realized via rapid
prototyping can be found in several ﬁelds of biomedical
engineering. For example, biological and anatomical models
and prototypes for diagnosis were one of the ﬁrst AM exploi-
tations in biomedicine; moreover, the possibility of directly
manufacturing implantable devices for soft tissue replace-
ment such as ear and nose is presented. Also, implantable
devices for hard tissue replacement and biodevices for tissue
engineering are remarkable. Especially in these last two
categories, the structure that is going to be implanted, called
matrix or scaﬀold [69, 70], has a key role; examples of
scaﬀold geometries can be found in [71]. In fact, the scaﬀold
has to guarantee biocompatibility [72] and precise mechani-
cal properties depending on the bone that will be replaced
and if the structure will be absorbed or not [73]. In order to
achieve these results, scaﬀolds need to have speciﬁc proper-
ties. Regarding physical properties, porosity, pore size,
interconnectivity, and surface ﬁnishing are essentials for cell
ingrowth and transportation of nutrients and metabolic
waste. Wang et al. [16] show disagreement in literature
determining the optimal pore size for bone ingrowth; studies
have demonstrated how cell ingrowth and vascularization are
possible ranging from 30μm [74] to 900μm [75] pore size.
Bigger-sized pores allow for greater cell ingrowth, while
smaller-sized pores can lead to occlusion that prevent liquid
exchange and tissue regeneration [76]. Porosity is another
important parameter, strictly related to pore size, and has
two main purposes. Firstly, a porous scaﬀold enables
nutrients and waste material to diﬀuse, and secondly, the
percentage of porosity can be used to reach the same
mechanical properties as the original bone; furthermore,
studies [77, 78] showed that highly porous scaﬀold is not
always the right approach for a well-designed scaﬀold,
because even if there is a higher tissue regeneration, biome-
chanical properties become weak. Also surface ﬁnishing
and texturing inﬂuence tissue ingrowth and ﬂuid dynamics;
rough surfaces increase the reaction of osteogenic cells [79]
and oﬀer more surface area for integrating [80], while ﬁne-
surface ﬁnish has to be preferred in joint application, as it
reduces friction during motion [81].
Another key feature in a scaﬀold design is the material.
This choice depends on several reasons, such as the function
of the scaﬀold, the implant position in the body, and the
scaﬀold expected life. First and foremost, biocompatibility
is fundamental: the scaﬀold must not generate toxic eﬀects
on biological systems. Moreover, if the scaﬀolds will remain
Domain Tessellated unit cell Trimmed lattice structure=∩
Figure 10: Generation of a trimmed structure by Boolean intersection [63].
Figure 11: Printed structuresmodeled with voxel-basedmethod [67].
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inside the patient body for a long time period, metal alloys
are utilized due to the formation of a thin and protective
oxide layer that reduces corrosion in vivo [82]. Titanium
and its alloys are the most common, but also, cobalt-
chromium alloys and stainless steel 316L are widely used.
Metals are also utilized for structural application thanks to
their excellent mechanical properties. The main issue related
to metallic biomaterials concerns their mechanical properties
that do not match bone ones; for instance, while Young’s
modulus of compact bone can range from 10 to 20GPa
[83], Ti6Al4V has a modulus of 100–110GPa. As previously
mentioned, controlling the porosity percentage of the scaf-
fold is a way to reduce and adjust Young’s modulus value.
Moreover, ceramic-based scaﬀolds are used because of the
similarity to the biological environment. They are hard,
brittle, with poor tensile properties, good compression
strength, and low frictional properties in articulation [84].
The most common ceramics used in scaﬀolds are hydroxyap-
atite (HA) and tricalcium phosphate (TCP): since hydroxy-
apatite is the most important inorganic constituent of
natural hard tissue [85], no biocompatibility problems will
arise. Furthermore, biodegradable polymers can be used
and they are divided in regulatory approved polymer, like
polylactides (PLLA), and nonapproved polymer, like poly-
orthoester (POE) [72]. In addition, Vert et al. [86] deﬁne
and distinguish between “biodegradable,” “bioresorbable,”
“bioerodible,” and “bioabsorbable” solid polymeric materials.
Combining bioactive ceramics with polymers permits to
obtain composite material scaﬀolds with superior mechanical
and osteoconductive properties [87, 88] with respect to the
singular materials used alone; for instance, Probst et al. [89]
designed a polycaprolactone–calcium phosphate scaﬀold for
calvarial reconstruction.
Two other categories of the material utilized for scaﬀolds
are shape memory alloys and hydrogels. The former are
capable of recovering their original shape after deformation
when stimulated by external environments, and the major
representative alloy is nitinol, NiTi, that presents superelasti-
city and high damping properties too [90]. The problem of
NiTi, if used for biomedical purposes, is the presence of Ni
that produces allergy; to avoid this drawback, studies have
been made to develop surface modiﬁcation techniques or to
use substitution elements, such as Nb instead of Ni [91].
Hydrogels are polymeric networks that absorb water while
remaining insoluble and maintaining their structure; these
characteristics permit to obtain an environment similar to
natural tissues [92].
Concerning the fabrication techniques, two main cate-
gories can be identiﬁed: conventional techniques and
additive manufacturing. Until two decades ago, scaﬀolds
were produced solely through conventional fabrication
techniques; ﬁber bonding, gas foaming, solvent casting, and
particulate leaching are some of them, and all have limita-
tions [76, 93, 94]. Extensive use of toxic organic solvents is
involved to convert the raw stock into the ﬁnal scaﬀold,
and this can be both harmful for the patient and time
consuming due to the time required for solvent evaporation
(days to weeks) [95]. Then, it is diﬃcult (almost impossible)
to control the geometry and position of the pores, so the
scaﬀold can be inadequate for the assigned task; modifying
process parameters permits to partially control the result,
but limits still remain. As already said at the beginning of this
section, additive manufacturing is gaining consideration
thanks to the possibility of fabricating freeform products,
characterized by shape complexity. This perfectly ﬁts the
needs in biomedical ﬁelds and tissue engineering, where
designing scaﬀolds with controlled size, shape, and porosity
distribution becomes possible. AM allows a full customiza-
tion of the part too, according to the needs of the patient.
Diﬀerent AM technologies have been adopted in order to
fabricate biomedical products, and Singh and Ramakrishna
[96] wrote a thorough review that analyzes the inﬂuence of
the type of the AM method and processes parameters on
the surface topography, geometrical features, mechanical
properties, and biocompatibility in orthopedic applications.
Selective laser sintering (SLS) uses a laser beam to selectively
sinter the thin layer of powdered materials following the
cross-sectional proﬁles obtained from slicing a 3D-modeled
object [97]; both ceramic [98] and polymers [99–101] can
be sintered. Similar to SLS, selective laser melting (SLM) uses
a laser beam that completely melts powder particles, thus
obtaining high-density materials [102]; SLM technique is
usually employed with metals, especially titanium alloys
[103–105] and cobalt-chromium alloys [106, 107]. Moreover,
electron beam melting (EBM) uses an electron beam to melt
metal powder in a layer-wise fashion and the process takes
place in a vacuum [108–110]. 3D printing (3DP) is based
on inkjet printing technology for binding powder materials
[111, 112] and is widely used for its simplicity. Lam et al.
[113] used 3DP with water as the binder, eliminating the
problem of organic solvents; Shanjani et al. [114] fabricated
ceramic scaﬀolds obtaining higher compressive strength
and larger pores compared to a sintering technique. A com-
parison between ceramic scaﬀold 3D printing and sintering
can be also found [115]. Another AM technology is fused
deposition modeling [116], where a thermoplastic ﬁlament
is melted by heating and the semimolten material comes
out through a nozzle while it is guided by a 3-axis CNC
machine; the apparatus has been modiﬁed through the years
to minimize costs and permit the use of a wider range of
materials, and a compressed air extrusion system [117] and
a screw extrusion system [118] were developed.
3.1. Geometric Modeling and Design Methods Speciﬁc for
Scaﬀolds. Since scaﬀolds have peculiar requirements regard-
ing cellular materials, speciﬁc geometric modeling and design
approaches are proposed in the literature.
In order to fabricate scaﬀolds using AM techniques, a
CAD 3D model of the product is needed to obtain the
layer-by-layer information necessary to generate tool paths.
In particular, a starting point of the model, such as shape
and boundaries, is given by the patient’s computed tomogra-
phy (CT) or magnetic resonance imaging (MRI) [71]. These
are then used as inputs, and the scaﬀold is modeled according
to the selected parameter values for porosity, pore size, and so
on. In the literature, several works for fabricating customized
scaﬀolds have been presented; some concentrate on model-
ing methods, and others focus on optimizing geometries.
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Naing et al. [94] presented a prototype system called
computer-aided system for tissue scaﬀolds (CASTS) that
generates .iges and .stl ﬁles of the scaﬀold, ready to be realized
through AM, starting from the patient’s data collected by
imaging technique; the dimension of each unit cell and
overall dimensions of the scaﬀold are considered to obtain
the desired porosity and pore size. Singh and Pandey [119]
modeled and fabricated a scaﬀold for a human skull in poly-
amide PA-2200 starting from MRI/CT scan, and then they
did a ﬁtment study obtaining measures through a reverse
engineering method. Ambu and Morabito [120] designed
scaﬀolds by repeating both a simple cubic cell and Schwartz’s
primitive (P) minimal surface; for the P-surface, diﬀerent
porosities were obtained varying the oﬀset value of the
surface and the models were numerically evaluated by means
of FEA. The P-surface is analyzed in [18] too. Fantini et al.
[28] modeled TPMS (diamond and gyroid surfaces) inside
a generative design process in order to create a scaﬀold that
meets the input data that are the target pore size, the TPMS
unit mesh, and the mesh representing the patient bone
geometry. The same authors also implemented a generative
design procedure for scaﬀold modeling based on Voronoi
lattice [53].
Schroeder et al. [121] modeled porous objects using
stochastic functions in combination with density and con-
structive solid geometry (CSG) method. Challis et al. [122]
maximized the modulus and diﬀusive ﬂux, which is suitable
if the biotransport is driven by concentration gradients rather
than pressure gradients, at various porosities; then the poros-
ity is chosen to match the modulus of the bone. Kantaros
et al. [95] modeled ﬁxed porosity scaﬀolds using three
diﬀerent designs (diﬀerent unit cells) and then compared
FE analysis results with experimental ones for compressive
strength testing, ﬁnding good agreement. Boccaccio et al.
[123] developed a mechanobiology-based method in order
to ﬁnd the scaﬀold structure that maximizes the amount of
bone generated within the scaﬀold; the stimulus parameter
is utilized [124], and the investigated parameters are the
shape of the pores, their spatial distribution, and the number
of pore per unit area. This mechanobiological approach is
further adopted to optimize porosity distribution in func-
tionally graded scaﬀolds [125], where four diﬀerent distri-
bution laws, three loading conditions, and three scaﬀold
Young’s moduli are compared. Naddeo et al. [126] presented
an algorithm that starting from a 3D CAD geometry it gener-
ates a model, ready to be printed, characterized by a space
frame with cylindrical beams organized in order to have the
ﬁber oriented according to the boundary conditions; more-
over, the beams are resized according to the target input
porosity or the input mechanical stiﬀness. The models have
also been printed and tested, and the results have been
compared with FEA output. An improvement of this
algorithm can be found in [127], where curved beams have
been introduced.
4. Conclusions
Cellular materials for scaﬀolds in tissue engineering,
fabricated by additive manufacturing technologies, have
recently become a very debated issue in the scientiﬁc com-
munity. In this work, an original classiﬁcation scheme based
on the geometry of cellular materials has been proposed,
regarding the distribution of the cells in the whole structure,
the cell topology and geometry, and the cell element dimen-
sions. Literature highlights limits in the commercial CAD
software for designing cellular materials. Depending on the
presence of functionally graded materials, mesh- or voxel-
based geometric modeling approach is preferable due to their
robustness. Discussing the design of scaﬀold for tissue
engineering, the analyzed literature shows a clear trend in
leaving conventional fabrication techniques, such as gas
foaming, and moving toward AM techniques to manufacture
tailored scaﬀolds having accurate and controlled biomechan-
ical properties. Several studies that aim at modeling and
optimizing scaﬀolds have been presented, and the results
are promising. As regard biomaterials, diﬀerent choices are
possible, depending on the scaﬀold purpose: biocompatible
metal alloys last longer and are suited for bearing high
mechanical stress, while ceramics are more fragile and more
similar to the biological environment, ensuring biocompati-
bility; polymeric scaﬀolds are fabricated easily and are
cheaper. Future directions will have to focus on improving
scaﬀold optimization methods according to patient needs
and desired properties. The characterization of scaﬀold
biomechanical properties according to AM fabrication tech-
nique parameters has to be examined in depth. Moreover,
novel alloying systems or composite matching capable of
enhancing the mechanical and biological performance of
porous scaﬀolds is demanded as well.
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